We describe and characterize a simple, low cost, low phase noise microwave source that operates near 6.800 GHz for agile, coherent manipulation of ensembles of 87 Rb. Low phase noise is achieved by directly multiplying a low phase noise 100 MHz crystal to 6.8 GHz using a non-linear transmission line and filtering the output with custom band-pass filters. The fixed frequency signal is single sideband modulated with a direct digital synthesis frequency source to provide the desired phase, amplitude, and frequency control. Before modulation, the source has a single sideband phase noise near -140 dBc/Hz in the range of 10 kHz to 1 MHz offset from the carrier frequency and -130 dBc/Hz after modulation. The resulting source is estimated to contribute added spin-noise variance 16 dB below the quantum projection noise level during quantum nondemolition measurements of the clock transition in an ensemble 7 × 10 5 87 Rb atoms. http://dx
I. INTRODUCTION
Low phase noise microwave sources are crucial for a broad range of applications, including radar, communications, navigation, and timing-keeping 1 . For quantum sensors 2, 3 , quantum gates 4, 5 , and tests of fundamental physics 6,7 , microwaves are often applied to perform rotations on pseudo-spins formed from two atomic hyperfine energy levels separated by spin-flip resonant frequencies in the microwave regime.
In many atomic physics applications, the microwave source can be narrowband in its tuning range, since it is being used to address extremely stable atomic transitions. However, the source must have nimble phase control in order to implement composite pulse sequences [8] [9] [10] that are used to cancel slowly varying amplitude and detuning errors. When resonant microwaves are applied at the spin-flip frequency, one can view the pseudo-spin as being rotated about a fixed axis in the x-y plane, with the rotation axis's azimuthal angle set by the phase of the microwaves. Composite pulses reduce the impact of amplitude and/or detuning errors for a single rotation about an axis by implementing several rotations about several axes with different azimuthal angles. Thus, it is necessary to be able to quickly change the microwave phase between several values. Conversely, if the microwave phase randomly fluctuates during the rotation, the orientation of the pseudo-spin at the end of the rotation may fluctuate from one realization to the next, swamping quantum sources of orientation noise, such as quantum projection noise, that are of fundamental interest.
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Here we present the details of a custom, low phase noise microwave source near 6.8 GHz, with tuning bandwidth of approximately 40 MHz, where rapid changes of phase, frequency, and amplitude are possible. The 40 MHz tuning range is sufficient to span hyperfine transitions in the widely used 87 Rb atom, and only minor modifications are needed for operation with other commonly used alkali-atoms such as 133 Cs, 85 Rb, etc. In the range of 10 to 100 kHz offset frequencies from the carrier, the single sideband phase noise of the source is nearly 20 dB lower than a commonly used YIG oscillator phase locked to the same crystal reference. The offset frequency range 10 to 100 kHz is particularly relevant for recent spin-squeezing experiments 17 based on quantum nondemolition measurements of the pseudo-spin projection J z ontoẑ of the ground hyperfine clock states |F = 2, m F = 0 and |F = 1, m F = 0 of an ensemble of nearly 10 6 87 Rb atoms. In particular, during a crucial π-rotation one finds that only phase noise spectral components near the Rabi-frequency f R ≈ 40 kHz contribute significant noise into J z 18 , whose value must be resolved below the projection noise level.
Compared to other microwave frequency sources with the necessary stability and agility, the source we present is also a cost-efficient option. The total component cost is below $3, 300, when the Rb atomic reference is excluded. The source achieves lower phase noise than many broadband commercial microwave synthesizers, such as the Agilent E8257D
19 , which is also roughly an order of magnitude more expensive. Other narrow-band microwave oscillators, such as cryogenic sapphire microwave oscillators 20 , achieve much lower phase noise, but again at much higher cost and limited availability. Related low phase noise microwave sources based on a dielectric resonator oscillator (DRO) phase locked with a few 100 kHz bandwidth to a non-linear transmission line (NLTL) frequency comb have been reported at the 133 Cs 9.2 GHz 21,22 and the 87 Rb 6.8 GHz 23 hyperfine transition frequencies.
II. LOW NOISE, FIXED FREQUENCY SOURCE
The microwaves are generated by first multiplying up a low phase noise crystal source to generate low noise microwaves at 6.800 GHz and then performing single sideband modulation of the carrier using a direct digital synthesis board as the modulation source (Fig. 1) MHz atomic lock to provide very low frequency stability. The 100 MHz signal, after coupling off a monitor output, is amplified and multiplied up through a NLTL. The 68th harmonic is selected by a custom bandpass filter built from a series of commercial filters and homemade microwave resonators. The resulting NLTL source is a single harmonic that provides the LO input for a single sideband modulator. The I and Q inputs of the modulator are driven by a direct digital synthesis (DDS) board that allows phase coherent control over the frequency, amplitude, and phase of the microwave signal sent to the high power microwave amplifier. The microwaves are coupled to the atoms using a printed circuit board dipole antenna. The signal line on the antenna is in red, and the ground plane, on the opposite side of the board, is in blue. The labels MA, MB and MC indicates points where phase noise was measured.
low noise 100 MHz crystal oscillator (Wenzel ULN P/N: 501-16843) is phase locked to a 10 MHz Rb clock signal (Standford Research Systems P/N: FS725) for long term frequency stability, with servo unity gain frequency of 100 Hz. The 100 MHz signal is amplified to +27 dBm (Minicircuits P/N: HELA-10D) to drive a NLTL (Picosecond Pulse Labs P/N: LPN7110-SMT) generating a comb of harmonics out to 20 GHz. For noiseless multiplication, the timing jitter is preserved, but the phase noise is increased relative to the source by 20 log 10 (n) dB, where n is the harmonic order. We utilize the n=68 harmonic at 6.8 GHz yielding a fundamental phase noise increase of 36.7 dB over the crystal source. Note that the frequency comb produced by the NLTL source allows for the flexibility to choose a frequency relevant for other alkali atoms by choosing a different harmonic to filter.
The harmonic at 6.8 GHz is isolated via a combination of standard filters (Minicircuits P/N: VHF-6010, VLF-6700, ZFHP-2100-S) for broadband filtering and two high quality factor (Q) microwave resonators 24 for narrow-band filtering. At 6.8 GHz, the measured insertion losses of the VHF-6010, VLF-6700, and ZFHP-2100-S are 0.7, 0.8, and 0.3 dB respectively. The insertion losses are low enough that the thermal noise floor of -174 dBm/Hz at 300 K does not affect the phase noise of the synthesis chain. The ZFHP-2100-S, nominally a high pass filter with 3 dB point at 2.1 GHz, was used to attenuate high frequency harmonics above 14 GHz. The VHF-6010 high pass 3 dB point is at 6.01 GHz, and the VLF-6700 low pass 3 dB point is at 7.6 GHz. At an insertion loss of IL = 2.8(2) dB, the loaded quality factor is Q L ≈ 580, and the loaded half width at half maximum is ≈ 6 MHz, much smaller than the 100 MHz spacing between the comb harmonics. The microwave resonators have an unloaded Q 0 = Q L / 1 − 10 −IL/20 ≈ 2100. Two microwave resonators are used to give strong suppression of the harmonics close to the harmonic at 6.8 GHz.
The resonators (Fig. 2) are constructed from stock copper pipe (inner diameter of 1", outer diameter of 1.5"), with a lid 0.25" thick made from copper barstock and a base from stock 0.125" copper sheet. The three pieces are held together by screws that allow for a tight fit and good conductivity, but still provide the ability for the resonator to be disassembled. We found no major improvements to the unloaded resonator Q by soldering the pieces together.
The coupling of microwaves into and out of the resonator is provided by two panel mount SMA connector feedthroughs held to the copper sheet with a lock washer and nut. Trimming the internal signal pin lengths increased the Q at the expense of increasing the insertion loss. For example, pins that had been trimmed to be 3 mm above the base plate had an insertion loss of 5.2 dB, but trimming down to 2 mm above the base plate resulted in an insertion loss of 18.9 dB. The filters used for the final NLTL source were trimmed to be 4 mm above the base plate.
Coarse tuning of the resonant frequency was performed by changing the depth of a brass screw inserted in the center of the lid. We found that good conductivity between the screw and the lid was one of the most important parameters for obtaining the maximum Q. The Q was also reduced when using a stainless steel tuning screw in place of the brass screw. After coarse tuning the resonance frequency to within 20 MHz of the desired 6.800 GHz, two brass nuts were placed on either side of the screw to firmly secure it in place. The final finetuning of the center frequency was performed by attaching a small amount of Sn 0.6 Pb 0.4 solder to the tip of the tuning screw, then successively sanding small portions of the solder away until the resonator reached the desired frequency. Tuning resolution below 2 MHz was possible with this approach.
The center frequency of the two resonators were set to 6.800(2) GHz. An amplifier (Minicircuits P/N: ZX60-1402) was placed between the resonators to prevent the formation of a coupled-resonance. After filtering, the largest unwanted comb tooth is at 6.7 GHz, −49.5 dB below the desired 6.8 GHz comb tooth. The resonance frequencies can drift due to temperature changes with a coefficient of ∼ 150 kHz/K. Mechanical vibrations can modulate the resonance frequency, giving rise to a phase modulation of the transmitted microwaves to lowest order. To mitigate both temperature drifts and vibrationinduced phase modulation, we passively isolate the resonators in a foam box.
The single sideband phase noise power spectrum of the 6.8 GHz NLTL source was measured by transporting the source to the National Institute of Standards and Technology (NIST) at Boulder, CO, and using a self-homodyne phase noise detector (OEwaves P/N: OE8000). Fig. 3a shows the measured noise of our NLTL source at measurement point M A in Fig. 1 (after filtering, but before modulation), a YIG oscillator (Micro Lambda Wireless P/N: MLPE-1290) phase locked to the same ULN crystal reference, and the measurement noise floor of the OE8000 calibrated using a Poseidon sapphire oscillator at 10 GHz. Our ability to measure phase noise is limited by the measurement noise floor below ∼ 500 Hz offset frequencies, thus the displayed data is an upper bound for the phase noise below ∼ 500 Hz.
The NLTL source is quieter than the YIG source by ∼ 15 to 20 dB in the offset frequency range from 10 kHz to 400 kHz. The multiplied-up phase noise of the 100 MHz ULN crystal taken from the manufacturer's datasheet agrees relatively well with the observed data, indicating that there is little added technical noise at this level in the multiplication, amplification, and filtering relative to the observed noise level. The 100 MHz ULN phase noise slope changes from 1/f 2 above 1 kHz to 1/f 3 below 1 kHz due to 1/f phase noise from the crystal oscillator feedback amplifier being converted into oscillator phase noise via the Leeson effect 25 . The roll-off of the phase noise near 5 MHz is believed to arise from the high-Q microwave filters.
III. AGILE CONTROL OF PHASE, FREQUENCY AND AMPLITUDE
To generate amplitude, frequency and phase tunable microwaves at the hyperfine clock transition frequency 6.834693 GHz, a single sideband (SSB) modulator (Hittite P/N: HMC496LP3), with a manufacturer specified output noise floor of −150 dBm/Hz at 7 GHz, modulates the 6.8 GHz NLTL source. The SSB modulator is tuned to give −31 dB and −19 dB suppression relative to the +1 sideband for the 0, −1 and −2, +2 sidebands respectively.
The I and Q modulation ports are driven near 34 MHz using 90
• relative phase signals from 2 of the 4 channels of a direct digital synthesis (DDS) frequency source (Analog Devices AD9959 evaluation board) operating near 34 MHz. The DDS source is phase stabilized to a 500 MHz reference provided by multiplying the 100 MHz ULN crystal oscillator using a diode pair (Avago P/N: HSMP-3822) and comb filtering provided by two bandpass filters (Minicircuits P/N: BPF-B503+). The DDS SSB phase noise floor specified by the manufacturer is −151 dBc/Hz at 10 kHz offset from the carrier when operated at 40 MHz with a 500 MHz reference signal, but this specified noise floor rises if the DDS is operated with a lower frequency reference, relying on a programmable internal PLL to multiply up the reference signal to 500 MHz.
We control the DDS source through a custom Lab-VIEW interface that can update the phase, frequency and amplitude in 24, 32, and 28 µs respectively. The tuning resolutions are 0.022
• , 0.12 Hz, and 0.1% of full scale amplitude respectively. Phase continuous frequency ramps and amplitude ramps are also possible which enable additional techniques, such as atomic population manipulation using Landau-Zener avoided crossings. The LabVIEW interface utilizes 4-bit serial communication at 2 MHz, while the DDS is capable of communication at 125 MHz. The communication rate is presently limited by the speed of the National Instruments DIO card (P/N: PCIe-6259) used to implement the serial communication. If less flexibility or less integration with the data acquisition system is required, the DDS can also be programed through a manufacturer-provided USB interface and software, while still maintaining the ability to modulate a single parameter between as many as 16 programmable values. Comparison of noise at 6.800 GHz for a YIG oscillator (green) and our microwave NLTL source (black) measured at point MA in Fig. 1 . The noise in the NLTL source agrees with the prediction (red circles with dashed line to guide the eye) based on ideal scaling of the noise in the ULN oscillator specified by the manufacturer. b The modulated signal at 6.834 GHz (orange), measured at point MB in Fig. 1 , exhibits higher phase noise than the 6.8 GHz signal from the NLTL source (black). The manufacturer specified noise of the DDS (blue circles with dashed line) when operated with an internal PLL of ×5 is plotted to show that the added noise primarily comes from the SSB modulator, excluding frequencies above 2 MHz where the gain peak from the internal PLL dominates. Spurious multiples of 60 Hz have been removed for visibility.
The SSB modulator output is amplified to as much as 8.9 Watts using a high power microwave amplifier (Microwave Power P/N: L0607-38). Measurements with the OE8000 at measurement point M C in Fig. 1 show that the microwave amplifier adds a negligible amount of phase noise relative to the measured phase noise of the NLTL source derived from the ULN crystal shown in Fig. 3a . The microwave radiation is coupled to the atoms through a low loss 1.5 m cable (CA400) and stub-tuned dipole antenna 26 fabricated directly on a high frequency laminate circuit board (Rogers P/N: RO3035). The critical dimensions for the frequency tuning of the antenna are labeled in Fig. 1 . The antenna is relatively broadband, with a FWHM of 400 MHz. After careful alignment of the dipole antenna, we achieved a Rabi frequency of f R ≈ 40 kHz with the antenna approximately 1.5" from the atoms 27 . The SSB modulator adds 5 to 8 dB of phase noise relative to the NLTL source, as seen in Fig. 3b where the measurement is taken at point M B in Fig. 1 . For frequencies below 2 MHz, we attribute the added noise to the SSB modulator. This data was taken with the the DDS referenced to the 100 MHz Wenzel ULN crystal directly, and multiplication to 500 MHz being accomplished using the internal DDS PLL multiplier set to ×5. In this configuration, the phase noise of the DDS specified by the manufacturer, and confirmed by our own measurements, only has a small contribution at offset frequencies less than 2 MHz where an expected noise peak from the DDS PLL becomes visible. This noise peak was present for the measurements in Fig. 3b , but is not present for the final source that has a DDS reference clock of 500 MHz obtained via external ×5 multiplication as described above.
IV. IMPACT ON QUANTUM NONDEMOLITION MEASUREMENTS
To achieve conditional spin squeezing using quantum nondemolition measurements of the atomic spin projection J z as described in ref. 17 , it was necessary to apply a π-rotation using a microwave source. Using the YIG PLL microwave source locked directly to the 10 MHz Rb atomic clock for the π-rotation, we observed added noise in the spin projection J z that was 18 dB above the quantum projection noise level for the 7 × 10 5 atoms. From manufacturer specifications, the multiplied phase noise of the 10 MHz crystal is -95 dBc/Hz, for the relevant offset frequencies near f R .
Utilizing the NLTL source locked to a slightly noisier 100 MHz crystal oscillator (Wenzel Sprinter P/N: 501-04517D) with the SSB modulation (phase noise measurements taken but not shown), the predicted added noise noise in J z due to phase noise during the π-rotation is predicted to be 16 dB below the projection noise level. The prediction is made by simple scaling from the first measurement with the much noisier YIG oscillator. By reducing the added noise from microwave rotations, we lowered the technical noise floor of the measurement and were able to observe a 5 dB reduction in spin noise, limited by our probe quantum backaction. By changing the 100 MHz Sprinter oscillator to the ULN model and improving the added phase noise of the SSB modulator, future experiments could operate with added microwave phase noise to J z that is 27 dB below the projection noise limit for this large ensemble size. Lower microwave phase noise can be exploited to perform composite microwave pulses that would add more phase noise into J z than the simple π-rotation discussed here 18 . In conclusion, we have demonstrated a microwave frequency source with low phase noise that maintains the flexibility to adjust phase, frequency, and amplitude needed in high precision experiments with large atomic ensembles. The source is very cost-effective, providing a phase stability that surpasses many commercial frequency sources for a fraction of the cost. Although the source is narrowband, the center frequency can be chosen for a particular need or atom that requires a stable microwave frequency, providing an attractive option for many applications.
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